INTRODUCTION
============

Myosin-binding protein C (MyBPC) is a sarcomeric protein in muscle, originally discovered in 1973 ([@bib42]). The protein exists in three main isoforms ([@bib3]; [@bib57]), skeletal slow (MyBPC-1), skeletal fast (MyBPC-2), and cardiac (MyBPC-3). The structure and function of the cardiac isoform have received significant attention, triggered by early reports that mutations in the MyBPC-3 gene are associated with cardiomyopathy ([@bib5]; [@bib54]). The MyBPC-3 molecule consists of 11 domains (C0--C10) where the C-terminal domains (C9--C10) are reported to interact with the thick myosin filament and titin and the N-terminal C0--C1 binds to actin and the myosin head region. There are three main serine phosphorylation sites in a linker domain between the C1 and C2 domains ([@bib17]; [@bib20]; [@bib30]; [@bib13]). The protein has several putative functions, e.g., contributing to filament formation and stability ([@bib14]; [@bib52]), tethering myosin heads to the thick filament backbone, affecting cross-bridge kinetics and Ca^2+^ sensitivity ([@bib30]; [@bib29]; [@bib24]). Phosphorylation of MyBPC-3 ([@bib17]), mainly via protein kinase A, has been shown to affect the interaction of the N-terminal regions with actin and myosin ([@bib55]; [@bib9]), thereby providing an important regulatory mechanism in the heart.

Previous research on MyBPC has mainly focused on the cardiac isoform. This most likely reflects the prominent clinical implications, but also the availability of transgenic mouse models ([@bib59]; [@bib58]; [@bib23]; [@bib51]; [@bib38]). Although MyBPC was originally identified in skeletal muscle and pioneering work on its function was done in skeletal muscle fibers ([@bib10]; [@bib27]), information on the function of the skeletal isoforms is much less. The first skeletal MyBP-C cDNA was reported by [@bib15]. The skeletal MyBPC isoforms lack the N-terminal C0 domain, two of the three phosphorylation sites, and a proline-rich insert in the C5 domain ([@bib41]), compared with the cardiac isoform. Skeletal MyBPC has been shown to bind in the sarcomere in a similar manner as the cardiac isoform ([@bib14]; [@bib19]; [@bib35]), and MyBPC-1 has been shown to undergo phosphorylation ([@bib1]).

Recently, mutations in slow skeletal MyBPC-1 have been linked to skeletal myopathy ([@bib21]; [@bib36]), and mRNA injection of mutated MyBPC-1 in zebrafish has been shown to induce structural defects in muscle ([@bib22]). To our knowledge, the fast skeletal MyBPC-2 has not been linked to disease, and no specific transgenic mouse models are available.

The objective of this study was to investigate the function of the skeletal MyBPC isoforms and potential association with skeletal myopathy. For this purpose, we applied a structural/functional approach in the zebrafish larval model ([@bib11]; [@bib32]), analyzed the expression of all MyBPC isoforms in the skeletal muscle, and knocked down the fast skeletal MyBPC isoform, which resulted in a severe myopathy. Using this model, we addressed questions regarding the role of the fast skeletal MyBPC during sarcomere development, in the sarcomere structure, and on the cross-bridge interaction.

MATERIALS AND METHODS
=====================

Animals and preparation
-----------------------

Zebrafish (TU strain) were maintained at the Karolinska Institutet zebrafish facility at the Department of Cell and Molecular Biology. Embryos were obtained using natural mating. Morpholino antisense oligonucleotide (MO) injections were performed on 1--2-cell-stage embryos. The larvae included in this study were 4--6 d postfertilization (dpf). They were anesthetized using 0.02% MS-222 (tricaine methanesulfonate; Sigma-Aldrich) before experiments. All experiments were performed according to European guidelines for animal research, complied with national regulations for the care of experimental animals, and were approved by the local animal ethics committee.

Design and injection of MOs
---------------------------

We identified three MyBPC skeletal isoforms (*mybpc-1*, *mybpc-2a*, and *mybpc-2b*) in the zebrafish genome and obtained both splicing and translation blocking MOs (Gene Tools) as shown in [Table S1](http://www.jgp.org/cgi/content/full/jgp.201511452/DC1){#supp1}. For comparison, we used a standard control MO (5′-CCTCTTACCTCAGTTACAATTTATA-3′; Gene Tools).

Quantitative PCR (qPCR) and protein analysis
--------------------------------------------

RNA was purified from somite regions of wild-type larvae (RNeasy kit; QIAGEN). Using qPCR, we quantified the expression of all MyBPC isoforms in zebrafish skeletal muscles at 1, 4, and 7 dpf, respectively (QuantiTect SYBR green RT-PCR kit; QIAGEN). The primers used for each gene are listed in Table S1. To determine the extent of knockdown, RNA was extracted from splicing blocking morphants at 4 dpf, reverse transcribed (QuantiTect Reverse Transcription kit; QIAGEN), and amplified by PCR using the following forward (*mybpc-1*, 5′-ATAACGTAGCGCTGGACTGG-3′; *mybpc-2a*, 5′-TTGTGGAGAGGCCTCAGACT-3′; *mybpc-2b*, 5′-AGAAACCAGAGCCTGAGCTG-3′) and reverse (*mybpc-1*, 5′-TCTGTGAAGTCGCGGTCATT-3′; *mybpc-2a*, 5′-CCATCCACGACCTTAACGAT-3′; *mybpc-2b*, 5′-TTAGGATCTGCCACCTCCAC-3′) primers. β-Actin (*Danio rerio*) was used as a standard (forward, 5′-CCCAGACATCAGGGAGTGAT-3′; reverse, 5′-TCTCTGTTGGCTTTGGGATT-3′). The RT-PCR products were separated on 2% agarose gels and visualized using GelRed Nucleic Acid Gel Stain (Biotium) on a Bio-Rad Laboratories system. Primers used for analyses of protein degradation signaling are given in [Table S2](http://www.jgp.org/cgi/content/full/jgp.201511452/DC1){#supp2}. Proteins were extracted from the somite regions of 20 larvae using a homogenization buffer as described previously ([@bib32]). Protein extracts were separated on 7% separation polyacrylamide gels, and the fast MyBPC-2 was identified with Western blotting using a mouse monoclonal antibody from D.O. Fürst (Institute for Cell Biology, University of Bonn, Bonn, Germany; [@bib18]). The MyBPC-2 band (molecular mass ∼130 kD) and glyceraldehyde 3-phosphate dehydrogenase band (anti-GAPDH; sc-25778; Santa Cruz Biotechnology, Inc.) were visualized using an Enhanced Chemiluminescence kit (Clarity Western ECL Substrate; Bio-Rad Laboratories).

Morphology and immunohistochemistry
-----------------------------------

For general phenotyping, the larvae were anesthetized at 4 dpf and examined using light microscopy. For muscle morphology and measurement of actin filament length, the larvae were fixed in 4% PFA at 4°C overnight and stained with rhodamine phalloidin and examined as whole-mount preparations. To examine the extent of fibrosis, fixed preparations were embedded in O.C.T. (Tissue-Tek; VWR), freeze sectioned, and stained with 0.1% Sirius red ([@bib56]). Immunohistochemistry was performed on frozen sections using antibodies against slow/fast myosin heavy chain (S58, mouse anti--slow myosin/F59, mouse anti--fast myosin, 1:200; Developmental Studies Hybridoma Bank). These sections were also used for determination of muscle cross-sectional area. 1-dpf larvae were stained with Acridine orange to detect apoptosis as previously described ([@bib16]). Confocal images were obtained using an LSM 510 microscope (ZEISS).

Mechanical analysis
-------------------

Larval preparations were mounted using aluminum clips between a force transducer and a puller for rapid length changes in a MOPS-buffered solution at 22°C as described previously ([@bib11]; [@bib32]). The preparations contained the trunk muscles, and isometric force was recorded along the long axis of the preparation. The preparations were mounted at slack length and then stimulated (single twitches) with 0.5-ms duration electrical pulses (supramaximal voltage) at 2-min intervals via two platinum electrodes placed on both sides of the preparation. To determine the length-force relationship, length was increased in steps between the contractions, from the slack length to a length above that giving maximal for active force. At each length, active and passive force was recorded. For each preparation, the optimal length (L~opt~) for active force was determined. We also determined the time to reach half-maximal contraction and relaxation and the latency between stimulus and onset of contraction in the single twitches at L~opt~.

The tetanus/single twitch ratio is very low compared with mammalian muscles, and the earlier phases of the tetanus are more affected by an inhibitor of fast myosin ([@bib11]). The later phases of a tetanic contraction in the zebrafish larvae might thus involve fatiguing of the fast muscle and possibly recruitment of a small component of contracting slow muscle fibers. We therefore considered it important to estimate the shortening velocity during the early phases of contraction and attempted determinations during single twitch contractions. To improve resolution, these experiments were performed at 15°C. Because the single twitch contractions are transient and very rapid in the zebrafish larvae (peak of contraction reached within ∼10 ms), we could not apply load clamp or velocity ramps under steady-state conditions, nor use the slack test method ([@bib12]), which would require constant velocity during the shortening period. It was impossible to load clamp the preparations sufficiently fast to resolve shortening responses in the millisecond time scale at the peak. We thus developed a protocol where we initiated a shortening ramp ∼80 ms before the single twitch stimulation. A series of single twitch contractions (five to seven, at 2-min intervals) with different ramp velocities were examined. The muscles were prestretched before each stimulus, so that muscle length at the peak of the single twitch was the same (i.e., at L~opt~) for all ramp velocities. The ramp continued for 300 ms, ∼200 ms after the peak of the single twitch contraction. The muscles where returned to the initial length in the relaxed state between stimuli. For each contraction, the velocity (V) and the corresponding peak force (P) were determined. Between each iso-velocity contraction, an isometric contraction was recorded to determine the isometric tension (P~0~). To estimate stiffness, muscle length was oscillated at 1 kHz (0.1% of L~opt~), and the resulting force responses (ΔP) were recorded and related to the length amplitude (ΔL) and the isometric tension (P~0~). Stiffness values recorded in the relaxed muscles were subtracted, and stiffness at the peak of an isometric contraction was expresses as ΔP/(ΔL \* P~0~).

X-ray diffraction measurements
------------------------------

Small-angle x-ray diffraction was performed at beamline A2, HASYLAB/DESY, Germany, and the beamline I911-SAXS, MAX IV Laboratory, Sweden, as described previously ([@bib32]). Larval preparations were mounted in the standard MOPS-buffered solution for measurements at 22°C and stretched to L~opt~ for active force. Solutions with different osmolarities were obtained by reducing NaCl (lower osmolarity) or adding sucrose (higher osmolarity) to the solution. Rigor was induced by adding 2 mM NaCN for 45 min. The equatorial patterns were recoded using 1--5-s exposures, and when several recordings were made on one larva, it was moved between exposures. To examine the contraction-related changes in the intensity ratio of 1.1 and 1.0 equatorial reflections, the muscles were stimulated at 200 Hz for 200 ms. In total, 15 contractions were applied. During each contraction cycle, the beam shutter was opened and the detector activated. This gave a total recoding time of 3 s, enabling determination of the intensities of 1.1 and 1.0 reflection in the relaxed or contracting (200 ms tetanus) states. A polynomial function was fitted to determine the background of the equatorial pattern, and the integrated intensity of the 1.1 and 1.0 reflections was determined.

Statistics
----------

All data are presented as mean ± SEM. Statistical analysis and curve fitting were performed using Sigma plot 8.0 for Windows and SigmaStat for Windows 3.0 (Systat Software, Inc.). Statistical comparisons were made using Student's *t* test or ANOVA when more than two groups were compared.

Online supplemental material
----------------------------

Fig. S1 shows staining for fibrosis and myosin isoforms in control and MyBPC-2B morphants. Fig. S2 shows original recordings of force responses and length ramps in experiments determining shortening kinetics. Fig. S3 shows gross morphology of a control and a translation blocking MyBPC-2B morphant larva. Table S1 shows genes, primers, and MO sequences. Table S2 shows primers for determination of factors involved in protein degradation. Online supplemental material is available at <http://www.jgp.org/cgi/content/full/jgp.201511452/DC1>.

RESULTS
=======

Three isoforms of MyBPC, with the fast isoform MyBPC-2B being the dominant
--------------------------------------------------------------------------

We identified three MyBPC isoforms in the zebrafish genome. The corresponding genes are shown in Table S1, including a cardiac (*mybpc-3*), a slow (*mybpc-1*), and two fast (*mybpc-2a* and *2b*) genes. We examined, using qPCR, the temporal expression (at 1, 4, and 7 dpf) of these isoforms in the trunk skeletal muscles using the primer pairs shown in Table S1. As seen in [Fig. 1](#fig1){ref-type="fig"}, the *mybpc-2b* was the dominating isoform at all examined time points. The cardiac (*mybpc-3*) and the fast type 2A (*mybpc-2a*) were expressed at very low levels. A significant expression of the slow isoform (*mybpc-1*) was detected. The *mybpc-2b* was expressed at high levels already at 1 dpf, whereas the slow type (*mybpc-1*) appeared at later time points. For both *mybpc-2b* and *mybpc-1*, the expression pattern remained unchanged between 4 and 7 dpf.

![Expression of MyBPC variants in zebrafish larvae. Real-time qPCR of MyBPC isoforms at 1, 4, and 7 dpf in larval trunk muscles of wild-type zebrafish (open bars: *mybpc-1*, gray bars: *mybpc-2a*, black bars: *mybpc-2b*, hatched bars: *mybpc-3*). Data are shown relative to β-actin (*n* = 6--8).](JGP_201511452_Fig1){#fig1}

Knockdown of MyBPC isoforms using MOs
-------------------------------------

To produce morphant larvae for the MyBPC isoforms in zebrafish, we injected splicing and translation blocking MOs for each MyBPC skeletal isoform (MyBPC-1, 2A, and 2B), shown in Table S1. The MO-injected larvae are denoted morphants. We focused our analysis on the splicing blocking morphants, and unless otherwise stated, morphants refer to the group injected of splicing blocking MOs. [Fig. 2 A](#fig2){ref-type="fig"} shows representative gels separating RT-PCR transcripts using primers for MyBPC-2B from 4-dpf larval trunk muscles. For each group, we included two individual samples on separate adjacent lanes. The MyBPC-2B transcript is observed in the control-injected larvae (lanes b) and remained essentially unchanged after injection of splicing MOs for the slow (*mybpc-1*, lanes c) and for the fast skeletal MyBPC-2A (lanes d) types. Injection with MO for the MyBPC-2B resulted in a marked decrease in the mRNA levels (lanes e) and the appearance of a weak band with a smaller size (broken arrow). The MO injections did not affect the mRNA expression of β-actin ([Fig. 2 B](#fig2){ref-type="fig"}). The intensities of the bands were quantified, and [Fig. 2 D](#fig2){ref-type="fig"} depicts the summarized data showing ∼80% decrease in MyBPC-2B expression after injection of the MyBPC-2B MO. We separated protein extracts from the trunk muscles on SDS-PAGE gels to confirm that the decrease in mRNA was associated with a decrease in protein. We used Western blot analysis and a monoclonal antibody against MyBPC-2 and show that the MyBPC-2 protein was significantly reduced in the MyBPC-2 morphant (to ∼50%, normalized to GAPDH; [Fig. 2 C](#fig2){ref-type="fig"}). The results show that the lowering of MyBPC-2B mRNA after MO injection is accompanied by a marked decrease in protein level. Injection of MOs for MyBPC-1 and MyBPC-2A partially (20--25%) lowered the MyBPC-2B mRNA expression ([Fig. 2 D](#fig2){ref-type="fig"}). Because the expression of the MyBPC-2A type was very low ([Fig. 1](#fig1){ref-type="fig"}), we did not perform an extensive analysis on the effects of MO injection for this type. We confirmed, however, that the MyBPC-2A mRNA remained very low after injection of the MyBPC-2B MOs, excluding a compensatory up-regulation of this type. We also observed that a combined injection of both MyBPC-2A and MyBPC-2B MOs resulted in a reduction of the MyBPC-2B to a similar extent as that shown in [Fig. 2](#fig2){ref-type="fig"}. For the analysis of knockdown of the slow type (MyBPC-1), which has a lower expression, we used qPCR, and [Fig. 2 E](#fig2){ref-type="fig"} shows that a specific knockdown by ∼80% of this isoform can be achieved without effects on the fast isoforms.

![Knockdown of MyBPC expression in 4-dpf larvae. (A) A 2% agarose gel separation of standard (lane a) and of PCR products using primers for *mybpc-2b* (lanes b--e). Two samples from each condition were run in parallel in separate lanes. Samples from control-injected larvae are shown in lane b. Lanes c--e show results from larvae injected with splicing blocking MOs for *mybpc-1*, *mybpc-2a*, and *mybpc-2b* (∼4 ng), respectively. The arrow indicates the main PCR product for *mybpc-2b* (371 bp). The dashed arrow shows an extra PCR product (238 bp) for *mybpc-2b* generated by the splicing MOs. (B) Corresponding PCR products from the same larval materials, using primers for β-actin. Each lane was loaded with extracts from a single larva. The bands in the standards (lane a) in A and B were from above: 506 (not visible in B), 396, 344, 298, 220, and 201 bp. (C) Western blot of protein extracts from the trunk muscles of control and splicing and translational blocking MyBPC-2 morphants (lanes from left to right). The MyBPC-2 bands (molecular mass ∼130 kD) are shown in the top and the corresponding GAPDH bands (molecular mass around 40 kD) in the bottom blots. (D) Summarized data for *mybpc-2b* mRNA expression in control-injected larvae (open bar) and larvae injected with MO for *mybpc-1* (hatched bar), *mybpc-2a* (gray bar), and *mybpc-2b* (black bar); *n* = 2--4. (E) qPCR data for MyBPC-1 expression in control-injected larvae (open bar) and larvae injected with MO for *mybpc-1* (hatched bar) and *mybpc-2b* (black bar); *n* = 4. Results from statistical analysis (ANOVA) are indicated in the figure: \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. Data are presented as mean ± SEM.](JGP_201511452_Fig2){#fig2}

Altered morphology with aberrant muscle structure in MyBPC-2B morphants
-----------------------------------------------------------------------

[Fig. 3](#fig3){ref-type="fig"} shows photos of larvae at 4 dpf. Compared with the control-injected larva ([Fig. 3 A](#fig3){ref-type="fig"}), neither the MyBPC-1 ([Fig. 3 B](#fig3){ref-type="fig"}) nor the MyBPC-2A ([Fig. 3 C](#fig3){ref-type="fig"}) morphants revealed any major changes in general morphology. In contrast, the MyBPC-2B morphant ([Fig. 3 D](#fig3){ref-type="fig"}) was markedly affected. The translational blocking MyBPC-2B morphants exhibited similar changes in animal morphology relative to their controls ([Fig. S3](http://www.jgp.org/cgi/content/full/jgp.201511452/DC1){#supp3}). On average, the MyBPC-2B morphants had a significantly shorter body length (morphants: 2.93 ± 0.04 mm, *n* = 5; control: 3.76 ± 0.04 mm, *n* = 5; P \< 0.001), as well as signs of cardiac edema. The cross-sectional area of the skeletal muscle in the central part of the larvae, determined from sample sections, was ∼24% smaller (morphants: \[2.94 ± 0.21\] × 10^4^ µm^2^, *n* = 5; controls: \[3.87 ± 0.22\] × 10^4^ µm^2^, *n* = 6; P \< 0.001). To further examine the structure of MyBPC-2B morphant skeletal muscle, we performed rhodamine phalloidin staining of F-actin in preparations fixed at optimal length for active force generation (L~opt~; see [Fig. 5](#fig5){ref-type="fig"}). In control larvae ([Fig. 3 E](#fig3){ref-type="fig"}), the muscle fibers/myofibrils had clear sarcomere patterns and were organized in parallel between the myosepta. In the MyBPC-2B morphant ([Fig. 3 F](#fig3){ref-type="fig"}), the muscle fibers appeared to be thinner and irregular in size with empty space between the fibers/myofibrils. The distribution of sarcomere lengths was wider in the MyBPC-2B morphants ([Fig. 3 G](#fig3){ref-type="fig"}) and shifted toward shorter values. The mean sarcomere length in the MyBPC-2B morphants was significantly (P \< 0.001) shorter (1.64 ± 0.02 µm, *n* = 6) compared with controls (1.99 ± 0.04 µm, *n* = 6). We estimated the actin filament length from the rhodamine phalloidin--stained images (i.e., 0.5× the length of the rhodamine-stained actin regions) and found a significantly shorter actin filament length (controls: 0.86 ± 0.01; MyBPC-2b morphants: 0.63 ± 0.03 µm; *n* = 6; P \< 0.001).

![Morphology of control and MyBPC morphants. (A--D) Microscopy of 4-dpf control-injected (A) larva and larvae injected with splicing blocking MOs for *mybpc-1* (B), *mybpc-2a* (C), and *mybpc-2b* (D). (E and F) Confocal microscopy of preparations fixed at optimal length for active force development and stained for F-actin (rhodamine phalloidin) from a control and an MyBPC-2B morphant, respectively. Bars: (A--D) 1.0 mm; (E and F) 20 µm. (G) The relative distribution of sarcomere length at optimal length determined in four fixed preparations from each group (controls: open bars, *mybpc-2b* morphants: black bars). Measurements were grouped and plotted against sarcomere length.](JGP_201511452_Fig3){#fig3}

As seen in the micrographs ([Fig. 3, E and F](#fig3){ref-type="fig"}), the morphant muscles had more loose arrangement of muscle fibers with some gaps. We estimated the relative gap area by placing lines on the images perpendicular to the long axis of the muscles and estimated the relative area (length) of the space between muscle myofibrils. These measurements showed a significantly larger gaps (i.e., lower packing of myofibrils) in the morphants (control: 2.5 ± 0.1%; MyBPC-2B morphants: 12.2 ± 1%; *n* = 6; P \< 0.001). The mean angle of the myofibrils relative to the preparation long axis was smaller in the morphants (controls: 14.1 ± 0.6°; MyBPC-2b morphants: 6.5 ± 0.6°; *n* = 21--24; P \< 0.001).

Elevated apoptosis and increased expression of muscle protein degradation factors in MyBPC-2B morphants
-------------------------------------------------------------------------------------------------------

Because the MyBPC-2B morphants were generally smaller with signs of structural defects, we examined whether this group had altered expression levels of key factors in protein degradation. For comparison, we also included MyBPC-1 morphants. [Fig. 4](#fig4){ref-type="fig"} shows expression levels at 4 dpf of myogenin, muscle-specific RING finger proteins (MuRF1--3), microtubule-associated protein 1 light chain 3B (LCB3), and sequestosome 1 (SQSTM1) in skeletal muscles of control-injected larva (open bars), MyBPC-1 morphants (hatched bars), and MyBPC-2B morphants (closed bars). The MuRF1--3 proteins, which are associated with ubiquitination-dependent degradation, were more than twofold elevated in the MyBPC-2B morphants compared with the controls and with the MyBPC-1 morphants. LCB3 and myogenin, associated with protein degradation and regeneration signaling, respectively, were also increased in the MyBPC-2B morphants. The SQSTM1, which interacts with MuRF2, was marginally increased in the MyBPC-2B morphants. Knockdown of the MyBPC-1 type did not change the levels of these transcription factors, except for SQSTM1. Control and MyBPC-2B morphant larvae (1 dpf) were stained with Acridine orange to detect apoptosis. As seen in the confocal images ([Fig. 4](#fig4){ref-type="fig"}, inset), the morphants ([Fig. 4](#fig4){ref-type="fig"}, inset, right) had an increased number of staining spots in the muscle tissue, indicating elevated apoptosis.

![Expression of mRNA for atrophy and protein degradation--associated factors. Larvae (4 dpf) injected with control morpholinos (open bars) or with morpholinos for *mybpc-1* (hatched bars) and *mybpc-2b* (black bars). The qPCR data for muscle-specific RING finger proteins (MuRF1--3), microtubule-associated protein 1 light chain 3B (LCB3), sequestosome 1 (SQSTM1), and myogenin are expressed relative to β-actin levels; *n* = 3--4 in each group. Statistical analyses (ANOVA) are indicated: \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. (inset) Acridine orange staining of a control (left)- and *mybpc-2b* (right)-injected larvae at 1 dpf. Arrows indicate muscle regions with increased apoptosis. Bar, 50 µm.](JGP_201511452_Fig4){#fig4}

Lower active force and altered length-force relationship in MyBPC-2B morphants
------------------------------------------------------------------------------

The functional impact of the lack of the MyBPC skeletal isoforms in trunk muscles was investigated in mechanical experiments. Length-force relationships were determined in muscles from 4--6-dpf control and MyBPC morphants. The muscles were stimulated to give single twitch contractions at different lengths. The relationships ([Fig. 5 A](#fig5){ref-type="fig"}) were bell-shaped in all groups, and the optimal length (L~opt~) for active force development could be determined. The sarcomere lengths measured at L~opt~ are given in [Fig. 3](#fig3){ref-type="fig"}. Because passive tension increased steeply at lengths above L~opt~ and the preparations often tended to slip and break at longer lengths, we only recorded one point on the descending limb of the length-active force relationship. We have previously shown that the drop in active tension at lengths above L~opt~ is reversible upon return to L~opt~ ([@bib11]). On average, the L~opt~ was reached when the muscles were stretched to ∼1.3 times of the slack length in all groups. The zebrafish larval muscles most likely operate at the sarcomere length below optimal as discussed previously ([@bib32]). The sarcomere lengths determined at L~opt~ in fixed samples of controls and MyBPC-2B morphants are presented in [Fig. 3](#fig3){ref-type="fig"}. The ascending limb of the length-active force relationship was left shifted in the MyBPC-2B morphants compared with that in the controls and the MyBPC-1 group. We evaluated the relative length where force was 50% of maximal, and the values in the MyBPC-2B morphants were significantly (P \< 0.05) lower than in the two other groups (L/L~opt~ at 50% relative force: MyBPC-2B, 0.794 ± 0.017; MyBPC-1, 0.846 ± 0.012; controls, 0.843 ± 0.013; *n* = 5--7), reflecting a less steep ascending limb of the length-force relationship. [Fig. 5 B](#fig5){ref-type="fig"} summarizes the active and passive force at L~opt~ in the controls and morphants. The active force of the MyBPC-2B morphants (0.388 ± 0.039 mN) was ∼45% of that in the controls (0.861 ± 0.047 mN) and MyBPC-1 morphants (0.878 ± 0.059 mN). A similar decrease in active force was observed in the translation blocking MyBPC-2B morphants (0.368 ± 0.011 mN, *n* = 5). We also observed a slightly higher passive force at L~opt~ in the MyBPC-2B group. This can reflect the extent of stretch required to reach optimal length, but to exclude that the increased passive force in the MyBPC-2B morphants was caused by fibrosis, we stained muscle sections with Sirius red ([Fig. S1](http://www.jgp.org/cgi/content/full/jgp.201511452/DC1){#supp4}). No major increase in staining intensity was observed in the MyBPC-2B morphants, excluding a major increase of collagen. [Fig. 5 C](#fig5){ref-type="fig"} shows the single twitch force transients in a control and an MyBPC-2B morphant. As seen in the recordings, the morphant had a lower active force, prolonged time between stimulus and onset of contraction (latency), and slower rates of contraction and relaxation. These parameters are summarized in [Fig. 5 D](#fig5){ref-type="fig"}.

![Mechanical properties of control and MyBPC morphants. (A and B) Length--active force relationships (A) and active (a) and passive (p) force at optimal length (B) in skeletal muscles from 4--5-dpf control (open circles and bars) and MyBPC morphants (*mybpc-1*: triangles and hatched bars, *mybpc-2b*: black circles and bars). (C) Original recordings of single twitch contractions from a control (top) and an MyBPC-2B morphant (bottom). The initial rapid transient preceding the force development indicates the stimulation. (D) Summarized data for the latency (i.e., time between stimulus and onset of contraction) and half-time (t~1/2~) for contraction and relaxation during single twitch (open bars: controls \[*n* = 8\], black bars: MyBPC-2B morphants \[*n* = 7\]). Statistical analysis: \*\*, P \< 0.01; \*\*\*, P \< 0.001. Data are presented as mean ± SEM.](JGP_201511452_Fig5){#fig5}

Maximal shortening velocity in MyBPC-2B morphants
-------------------------------------------------

To explore whether MyBPC-2B affects cross-bridge kinetics, we estimated the maximal shortening velocity in MyBPC-2B morphants and in controls at L~opt~ using iso-velocity ramps. As discussed in the Materials and methods section, the iso-velocity maneuvers were applied during single twitch contractions, caused by the need to estimate shortening velocity during early phases of contraction. Original traces of force responses and velocity ramps are shown in [Fig. S2](http://www.jgp.org/cgi/content/full/jgp.201511452/DC1){#supp5}. All velocity values were determined at L~opt~, and we assume that the Ca^2+^ transients and activation during the twitch were not dramatically affected by the shortening in either group because the time between stimulus and peak of contraction remained the same in isometric and shortening muscles (isometric 12.15 ± 0.14 ms, *n* = 6; shortening at 1 ML/s: 12.23 ± 0.15 ms in controls; isometric 16.58 ± 0.20 ms, *n* = 6; shortening at 1 ML/s: 16.3 ± 0.32 ms in morphants). Force-velocity relationships during single twitch contractions were constructed for each preparation by plotting shortening velocity (V, in muscle lengths/second \[ML/s\]) against force (P) during shortening. P values were related to the isometric tension (P~0~). A hyperbolic equation: V = *b* \* (1 − P/P~0~)/(*a*/P~0~ + P/P~0~), was fitted to the data with the parameters *b* and *a*/P~0~ and extrapolated to P/P~0~ = 0 to obtain the maximal shortening velocity (V~max~). The relationships were comparatively linear, which most likely reflects the non--steady-state situation during which measurements were made, and we therefore focused on the V~max~ value. The hyperbolic equation was only used for estimating the V~max~, and the parameters *b* and *a*/P~0~ were not considered relevant or further analyzed. The V~max~ of the MyBPC-2B morphants in ML/s was ∼40% higher and significantly different from that of the controls, as shown by the relationship between V and P/P~0~, and the mean V~max~ values ([Fig. 6](#fig6){ref-type="fig"}). It should be noted that sarcomere lengths are shorter and with a wider distribution in the MyBPC-2B group ([Fig. 3](#fig3){ref-type="fig"}), which makes the extrapolation to the filament level difficult. However, when the maximal velocity of filament sliding (i.e., velocity per half sarcomere) was estimated (ML/s values are multiplied by the mean sarcomere length at L~opt~ from [Fig. 3](#fig3){ref-type="fig"} and divided by two), the difference between control (2.92 ± 0.26 µm half sarcomere/s, *n* = 7) and morphants (3.35 ± 0.31 µm half sarcomere/s, *n* = 8) was smaller (∼15%) and not significant, suggesting that lowering the content of MyBPC-2 had only a minor effect on filament sliding velocity. Immunohistochemistry was used to examine the relative proportion of the fast and slow muscle fibers. The fast myosin was expressed predominantly in the inner regions, and the slow myosin was observed in a thin outer layer of the trunk muscles (Fig. S1). No major changes in the relative proportion of the fast and slow muscle components were observed in the MyBPC-2B morphants compared with the controls, showing that velocity was not influenced by a major change in fiber types. The stiffness of the series elastic component (ΔP/(PoΔL)) was similar in the two groups (controls: 190.1 ± 21.5; morphants: 208.3 ± 9.7, ML^−1^, *n* = 6). However, when normalized to mean half sarcomere length, these values became significantly different and would indicate an increased active stiffness in the morphant group (controls: 191 ± 22; morphants: 253 ± 12, *n* = 6; µm^−1^ half sarcomere; P \< 0.05).

![Force-velocity relationships of control and MyBPC morphants. Data from intact trunk muscles during single twitch contractions of controls (open symbols and bar, *n* = 6) and MyBPC-2B morphants (black symbols and bar, *n* = 4). Velocity data were grouped according to afterload, and the mean values are shown in the diagram. A hyperbolic equation (see Results) was fitted to the data and extrapolated to determine the V~max~. The inset shows the mean V~max~ values determined by fitting the equation to data of individual fibers. \*, P \< 0.05. Data are presented as mean ± SEM.](JGP_201511452_Fig6){#fig6}

Wider filament spacing in MyBPC-2B morphants
--------------------------------------------

We obtained strong 1.1 and 1.0 equatorial reflections from control 4-dpf zebrafish larvae ([Fig. 7 A](#fig7){ref-type="fig"}). The corresponding reflections in the morphants ([Fig. 7 B](#fig7){ref-type="fig"}) were clearly visible, although weaker. At low osmolarity (65 mOsm; [Fig. 7 C](#fig7){ref-type="fig"}), the lattice spacing was similar in the two groups. When the osmolarity was increased toward the level in our standard physiological buffered solution (∼300 mOsm), the lattice spacing (calculated from the 1.0 reflection, d~10~) was compressed in both groups, but was markedly wider in the morphants. This difference became more pronounced when the spacing was further compressed by increasing osmolarity in the bathing solution ([Fig. 7 C](#fig7){ref-type="fig"}). At optimal stretch of the muscles and at normal osmolarity, significantly wider d~10~ filament spacing was observed in both splicing (39.20 ± 0.42 nm, *n* = 10, P \< 0.01) and translation blocking morphants (38.70 ± 0.22 nm, *n* = 7, P \< 0.01) compared with the controls (37.26 ± 0.21 nm, *n* = 16). No significant difference was detected between the translation and splicing blocking groups. To further examine lateral anchoring of the contractile filaments and a possible difference in sarcomere volume, the lattice spacing was determined at different degrees of stretch ([Fig. 7 D](#fig7){ref-type="fig"}). As seen in the diagram, a shortening of control muscle by ∼20% from optimal length (i.e., from a relative stretch of 1.3 to ∼1.05), would increase the spacing to about the same level as that in the morphants at optimal length. This is consistent with the 20% shorter sarcomere length at optimal length in the morphants. This suggests that the sarcomeres at optimal length (L~opt~) are arranged in a shorter but more expanded manner in the MyBPC morphants compared with those of the controls.

![X-ray diffraction of control and MyBPC-2B morphants. (A and B) Patterns from a control (A) and MyBPC-2B morphant (B). Arrows indicate 1.0 and 1.1 reflections. (C) Lattice spacing (d~10~) at varied osmolarity at optimal length (controls: open symbols, morphants: black symbols). (D) The response to varied stretch (control: open symbols \[*n* = 6\], morphants: black symbols \[*n* = 6\]). Stretch is expressed relative to the slack length (1.3 corresponds to the optimal length in both groups). (E) The intensity ratio (I11/I10; controls: open bars, morphants: gray bars; relaxed and contracted states are indicted with nonhatched and hatched bars \[*n* = 5--6 in each group\]; crossed bars represent the rigor state \[*n* = 4\]). \*\*, P \< 0.01; \*\*\*, P \< 0.001. Data are presented as mean ± SEM.](JGP_201511452_Fig7){#fig7}

To explore whether MyBPC-2B affects the position of the myosin heads in relaxed and contracted conditions, we determined the intensity ratio between the 1.1 and 1.0 reflection as an indication of the mass transfer between thick and thin filaments. As seen in [Fig. 7 E](#fig7){ref-type="fig"}, the ratio was similar in controls and MyBPC-2B morphants in the relaxed state. During active tetanic contractions (200 ms, 200 Hz), the intensity ratio increased significantly in the control group. The increase in ratio (from ∼0.4 to ∼0.7) in the control muscles was comparatively small in relation to the increase observed in rigor (to ∼2.3). This most likely reflects that active contractions in the zebrafish muscles involve a comparatively low number of attached cross-bridges. In the MyBPC-2B morphants, the increase in 1.1/1.0 intensity ratio during contraction tended to be smaller than that in the controls (from ∼0.5 to ∼0.6). The increase in ratio in rigor in the morphants was significantly lower than that of the controls. We confirmed in the MyBPC-2b morphants that longer incubation time in NaCN (60 vs. 45 min) did not increase the intensity ratio further (intensity ratio at 60 min relative to that at 45 min: 0.95 ± 0.09, *n* = 4). If we assume that all cross-bridges attach in rigor and relate the mean values of the 1.1/1.0 intensity ratio (from [Fig. 7](#fig7){ref-type="fig"}) in the relaxed state to that in rigor, the results suggest that a larger number of cross-bridges have moved out toward actin in the relaxed state in the morphant group (controls: 0.162 vs. morphants: 0.346). Similar calculation for the active contractions would give a higher relative ratio in the morphant group (controls: 0.303 vs. morphants 0.406).

DISCUSSION
==========

We report that lowering the expression of the fast skeletal MyBPC isoform (MyBPC-2) in zebrafish larvae results in a skeletal myopathy, characterized by muscle weakness and structural changes. This gene is duplicated in the zebrafish, and we find that the MyBPC-2B transcript is the most abundant variant in the larval trunk muscles and that the MyBPC-2A is not expressed or functional at the examined time points. MyBPC-2B is expressed already from 1 dpf, when muscle function is established. The slow type (MyBPC-1) appeared later in the skeletal muscles of the zebrafish, with low expression levels compared with the MyBPC-2B. It has been found using in situ hybridization ([@bib6]) that the cardiac MyBPC-3 is expressed in zebrafish skeletal muscle during early development and decays after ∼1--2 dpf. We find that the expression of MyBPC-3 was very low in the trunk muscles compared with that of the skeletal MyBPC isoforms at the later larval stages (1--7 dpf). The function of MyBPC-3 in skeletal muscle is unknown, and it has been shown that knockout of the cardiac MyBPC-3 in the mouse does not affect skeletal muscle ([@bib33]). In view of this study, and the low expression of MyBPC-3 in the trunk muscles, we did not further investigate the role of this isoform in the zebrafish skeletal muscle. Using MO injection, we knocked down the MyBPC-2B and the slow MyBPC-1 expressions by ∼80%, as judged by mRNA levels. Our analysis of protein extracts showed a \>50% decrease in the MyBPC protein after MyBPC-2B MO injection. Most experiments were performed using splicing blocking MOs, but the alternative translation blocking of MyBPC-2B gave similar results on gross morphology, active force, and x-ray scattering. The similar results obtained in splicing and translational MyBPC-2B MOs and the lack of effects of control, MyBPC-1, and MyBPC-2A MOs excludes any major off-target effects from the MyBPC-2B MO injection. MyBPC-1 and MyBPC-2 can be coexpressed in the same muscle types in mammals ([@bib18]), which could suggest some interdependence in their expression. We found no compensation in the other MyBPC isoforms in the MyBPC-1 and 2B morphants, suggesting that these genes are independently regulated. It has been reported that missense mutations in the slow MyBPC-1 in humans are associated with severe skeletal muscle dysfunctions (distal arthrogryposis type 1 myopathy \[[@bib21]\] and autosomal-recessive lethal congenital contractural syndrome \[[@bib36]\]). Evidence has also been presented that knockdown of MyBPC-1 or overexpression of mutant forms result in myopathy in the zebrafish ([@bib22]). In our experiments, we did not observe any major changes in gross morphology after knockdown by ∼80% at the mRNA level of the slow MyBPC-1. We do not know the reason for this difference compared with the study by [@bib22]; it might relate to the strain of zebrafish (AB vs. Tübingen) or the design of the antisense morpholinos, or it might be that a more extensive knockdown is required. We did not find a major functional deficit in single-twitch contractions, suggesting that the contractile function of the trunk muscles is not affected by the extent of MyBPC-1 knockdown achieved in our experiments. However, it can still be possible that more subtle contractile effects are present in the MyBPC-1 morphants. In contrast, the MyBPC-2B morphants exhibited a severe skeletal muscle myopathy with increased apoptosis, altered sarcomeric structure, and impaired contractile function. These changes were accompanied by general changes in the animal morphology, including cardiac edema, most likely secondary to the significant impairment of the skeletal muscle.

The MyBPC-2B myopathy was accompanied by significant activation of striated muscle-specific ring finger proteins (MuRF1--3), which are associated with muscle protein turnover. One of the key up-regulated signaling components, MuRF1, promotes thick filament disassembly ([@bib7]). The MuRF2 and MuRF3 are proposed to influence the maintenance of the sarcomeric M- and Z-line ([@bib37]; [@bib46]). We also observed increased myogenin, implying activation of regeneration processes ([@bib43]) and morphological signs of elevated apoptosis. Mechanical interactions in the sarcomere mediated via titin and a titin kinase pathway have been shown to activate MuRF signaling ([@bib31]). Mice expressing a variant of MyBPC-3 lacking the titin and myosin-binding domains develop a cardiomyopathy with ultrastructural changes in the sarcomere ([@bib59]). It is possible that a similar mechanism is present in the MyBPC-2 knockdown larvae, that the lack of fast skeletal MyBPC during early skeletal muscle development in the zebrafish affects the mechanical sensing associated with titin and thereby activates MuRF signaling and muscle degeneration.

Although we observed regular cross striations in the MyBPC-2B morphants, the sarcomeres were significantly shorter, with a length inhomogeneity, shorter actin filaments, and a wider interfilament spacing. Further analysis of sarcomere ultrastructure was not the focus of the current study but might give additional information on the role of MyBPC-2 in the assembly of sarcomeres. The shorter sarcomeres were associated with shorter actin filaments, but we do not at present have information on the thick filament structure in the MyBPC-2 morphants. Evidence has previously been presented that cardiac MyBPC-3 together with actin, titin, myomesin, and other sarcomeric partners forms cytoskeletal links guiding thick filament assembly in cardiomyocytes ([@bib52]; [@bib4]) and that this process is affected in MyBPC-associated cardiomyopathy ([@bib14]). In the cardiac muscle, ablation of MyBPC-3 does not alter the A-band length ([@bib35]), suggesting that removal of this isoform alone does not affect thick filament length in vivo. The slow skeletal MyBPC-1 has been shown to regulate the thick filament assembly via interactions with obscurin ([@bib2]). However, our results do not reveal any major effects of knockdown of the slow MyBPC-1 in the zebrafish skeletal muscle, which suggests that sarcomeres can be normally assembled even if the expression of MyBPC-1 is significantly reduced. The role of the fast skeletal MyBPC-2 in filament assembly has not been examined previously, but our results, that the sarcomere structure is affected by MyBPC-2 removal, suggest that this MyBPC type is mandatory for the initial assembly of a normal contractile apparatus with adequate sarcomere lengths and interfilament spacing. We observed a significant expression of MyBPC-1 at 4 dpf. As discussed above in this paragraph, this variant appears not to be required for the muscle function but might have some impact on the structure/function when the fast MyBPC-2 isoform is absent.

MyBPC is located in the C-zone of the sarcomere at a periodicity of ∼43 nm ([@bib48]; [@bib35]) with close interactions with other proteins. It has been shown that the cardiac MyBPC in the sarcomere affects cross-bridge force production; the cross-bridges in the C-zone (with MyBPC) generate higher active force ([@bib53]). The localization of MyBPC-2 in the zebrafish fast striated muscles is not known. It is, however, expected that lack of this protein would affect both muscle function and sarcomeric structure. In the current study, we focused on the equatorial reflections in the small-angle x-ray scattering patterns, giving information on the lateral dimensions of the filament lattice. The wider spacing in the MyBPC-2B morphants shows that the protein is required for maintenance of the distance between the contractile filaments in the skeletal muscle. Because the optimal sarcomere length for active force was shorter in the morphants, the wider spacing is not simply caused by a reduced stretch of the sarcomeres, but rather reflects a primary alteration in sarcomere structure. The wider spacing is consistent with a study of the cardiac muscle from MyBPC-3 knockout mice ([@bib8]), where the lattice spacing tended to be wider. In contrast, [@bib44] reported no significant difference, and [@bib45] even showed a reduced spacing in an effective MyBPC-3--null model. Our data from the zebrafish support a prominent role of MyBPC-2 in maintaining the filament arrangement in the skeletal muscle sarcomere. It has been suggested that the protein via interaction with actin regulates the organization of the myosin heads and the thick filament backbone ([@bib47]). If the protein introduces a mechanical link between filaments, it must be assumed that the binding is sufficiently weak not to inhibit filament sliding during shortening or that it is weakened during activation. MyBPC affects the tropomyosin position and the Ca^2+^ sensitivity ([@bib34]; [@bib40]), which might suggest that thin filament activation during active contraction also weakens the MyBPC--thin filament interactions to enable filament sliding.

We determined the equatorial 1.1/1.0 intensity ratio, which reflects the mass transfer between contractile filaments ([@bib39]). It has been shown that lack of MyBPC-3 in cardiac muscle results in a 30% increase in this ratio ([@bib8]), suggesting that MyBPC has a role in restraining the myosin heads to the thick filaments. We did not observe any significant change in the 1.1/1.0 intensity ratio in the relaxed state, between controls and morphants. However, the intensity increase in rigor was significantly lower in the morphant group. We show that the time in NaCN was sufficient to generate a stable change in 1.1/1.0 ratio. When the relaxed pattern is related to the rigor values, it will be higher in the morphant group. Although, the assumption that 100% of cross-bridges are attached in rigor must be regarded with caution, the results would be consistent with an increased transfer of myosin heads toward actin in the relaxed state after knockdown of MyBPC-2B. This finding is consistent with a role of MyBPC-2 affecting the position of the myosin heads in relation to the thick filament backbone, similar to the function proposed for MyBPC-3 ([@bib57]). It should be noted that the skeletal MyBPC-2 lacks some of the phosphorylation sites, which regulate the MyBPC-3/myosin interactions and the radial cross-bridge movement in the cardiac system ([@bib57]). Thus, such an effect on cross-bridge positioning by MyBPC-2 would be occurring in the absence of this regulatory mechanism.

The active contractions at optimal length were significantly weaker in the MyBPC-2B morphants compared with that of the controls. Several factors might be involved, including (a) the decreased cross-sectional area of the trunk muscles, most likely as the result of impaired structural development or muscle degeneration, (b) the shorter sarcomere length and wider length distribution resulting in fewer parallel coupled contractile units, (c) faster cross-bridge cycling, (d) lower force per cross-bridge, or (e) altered activation properties. Regarding a, the decrease in cross-sectional area (∼24%) and the increase in gaps between muscle fibers in the MyBPC-2B morphants were smaller than the decrease in active force (∼55%), suggesting that a smaller muscle size is not the sole explanation for the lower force generation. An increase in interfilament spacing of the magnitude observed in the MyBPC-2 morphants would not affect force generation, as shown previously ([@bib32]). Because the direction of the myofibrils is mainly along the long axis of the preparations, the orientation of muscle fibers would not affect the force generation. Regarding b and e, the leftward shift of the ascending part of the active length-force curve could be a reflection of a sarcomere inhomogeneity. It should be noted that the structural basis of the ascending limb is complex and that the morphants were weaker and had a different sarcomere length distribution, thus making interpretation of this result difficult. However, the finding is consistent with a model where MyBPC-2B has a role in determining the length dependency of the active force at short lengths, possibly by affecting the Ca^2+^ sensitivity of the thin filament regulatory system ([@bib34]; [@bib40]). Regarding c, although faster cycling rate theoretically could decrease cross-bridge duty cycle and active force, the shortening velocity at the filament level does not suggest a major difference in cross-bridge cycling rate after MyBPC-2 removal. Regarding d, it has been suggested that cross-bridges in cardiac muscle lacking MyBPC-3 produce lower active force ([@bib53]), which might apply also for the skeletal muscle. We observed a slower relaxation in the MyBPC-2 morphants, which could reflect the inhomogeneities in the sarcomere length distribution, changes in Ca^2+^ handling, or direct effects of MyBPC-2 on the cross-bridge detachment process during relaxation.

Because previous studies have suggested that MyBPC influences striated muscle shortening velocity ([@bib26]; [@bib28]), we estimated the maximal shortening velocity (V~max~) during rapid single twitch contractions of the zebrafish muscles and showed that knockdown of MyBPC-2B increased the V~max~ by ∼40%. It should be stated that these measurements were performed under non--steady-state conditions, which makes the determination of the full force-velocity curve difficult. A contributing factor for the higher V~max~ can be that the sarcomere lengths are shorter in the MyBPC-2B morphants. This change would increase the V~max~ when determined in muscle lengths/second. The exact magnitude of the difference in V~max~ between control and morphants is therefore difficult to estimate, but our study suggests an ∼15% increase, possibly reflecting a faster cross-bridge turnover after MyBPC-2 removal. Because the relative content of fast and slow skeletal muscle types was not altered, we exclude an effect caused by a fiber type shift. Previous work using skinned skeletal muscle fibers where MyBPC-2 has been partially extracted ([@bib27]), from MyBPC-3 knockout mice and from in vitro motility assays ([@bib28]; [@bib50]), has suggested that MyBPC slows cross-bridge cycling, possibly via introduction of an internal load or direct effects on the actin--myosin interaction. Our results are consistent with these findings and show that the fast MyBPC-2 slows down cross-bridge cycling in the living fibers, albeit to a comparatively small extent.

During the active contraction, cross-bridges in the zebrafish muscle move out toward actin, as shown by the increase in the equatorial 1.1/1.0 intensity ratio ([Fig. 7](#fig7){ref-type="fig"}; [@bib11]). This increase in ratio is significantly smaller compared with that observed in contracting frog muscles ([@bib25]) and suggests that a comparatively small fraction of the cross-bridges are attached during contraction in the zebrafish trunk muscles. This most likely reflects a high rate of cross-bridge cycling in the zebrafish muscles, where a rapid detachment of myosin heads leads to a high shortening velocity, but with fewer attached cross-bridges at each instance of time, i.e., a low duty cycle ([@bib49]). This partly explains the comparatively low active force and poor development of tetanic tension in the zebrafish striated muscles. As discussed above in this paragraph, the 1.1/1.0 intensity ratio data from the x-ray diffraction experiments might suggest that cross-bridges in the relaxed state are positioned closer to the actin filaments in the morphants. The intensity ratio value during contraction relative to that in rigor is also higher in the morphants compared with that in the controls, which could be consistent with the higher stiffness value when corrected for the sarcomere length.

The MyBPC-2--associated skeletal muscle myopathy in the zebrafish larvae shares several properties with the cardiac form in mammals, including altered muscle structure, increased rate of cross-bridge cycling, and lower active force. In comparison with MyBPC-3, MyBPC-2 lacks the N-terminal C0 domain and several key regulatory phosphorylation sites. Similar properties of the cardiac and skeletal myopathies can be explained by the common structural properties between the MyBPC-2 and MyBPC-3 isoforms, including several interactions in the sarcomere. However, there is a more prominent effect on sarcomere structure after knockdown of MyBPC-2, suggesting that the skeletal isoform is also required for normal sarcomere establishment. Hitherto, mutations in fast skeletal MyBPC have not been found in human myopathies. However, our findings indicate that MyBPC-2 may be a candidate gene for myopathies of unknown genetic cause.

In conclusion, we find that partial loss of the fast skeletal MyBPC in the zebrafish leads to a severe skeletal muscle myopathy, characterized by general structural defects with apoptosis and with sarcomeric abnormalities. The muscle function is significantly impaired with lower active force and altered length-force behavior.
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